An electrophysiological analysis was made of the mechanism underlying the potentiation by angiotensin II of responses to adrenergic nervous stimulation of the isolated vas deferens and the uterine artery of the guinea pig. Concentrations of angiotensin II up to 5 X 10~T g/ml did not affect resting muscle cell membrane potential, cause spontaneous transmitter release, or increase transmitter release induced by single nerve stimuli. The time courses of excitatory junction potentials were not increased, indicating that the neuronal mechanism for transmitter inactivation was not inhibited. Angiotensin II did, however, increase the degree of facilitation of successive excitatory junction potentials during repetitive low-frequency nerve stimulation, leading to greater depolarization of the muscle cells than under control conditions. That this enhancement of facilitation was the primary mechanism underlying potentiation of transmission by angiotensin II was supported by the finding that the potentiation of mechanical responses to nerve stimulation decreased markedly as the frequency of stimulation was raised over the range where facilitation is replaced by summation as the major factor in depolarizing the muscle cells to firing threshold (2-6 pulses/sec). This mechanism of action of angiotensin II means that its potentiating effect on transmission is relatively specific for the low frequencies of nervous activity which are thought to be important in tonic cardiovascular control.
• Since the findings that the systemic pressor effect of angiotensin II (All) was reduced following sympathectomy or reserpine-induced depletion of catecholamines (1, 2) and that All potentiated cardiovascular responses to indirectly acting sympathomimetic amines (3), numerous reports have appeared to confirm the enhancement by All of adrenergic excitation. On the basis of these findings it has been suggested that endogenous All may have a pathophysiological role in the modulation of sympathetic vasomotor activity. However, there has been consider-able disagreement as to the mechanism underlying the induced enhancement (see Discussion for references).
The present investigation is concerned with elucidation of the mechanism by which All affects adrenergic transmission to single smooth muscle cells. Two preparations taken from the guinea pig have been employed: the vas deferens, in which the effects of compounds which potentiate transmission by a variety of actions have already been documented (4) (5) (6) , and the uterine artery, which has physiological and morphological characteristics suggesting that it can be used as a model system for studying transmission in small muscular arteries (7, 8) .
Methods
Vasa deferentia from young male (200-500 g) and uterine arteries from virgin female (300-400 g) guinea pigs were prepared for recording from 349 single smooth muscle cells as described previously (4, 5, 7) . Electrical stimulation of the intramural adrenergic nerves in these preparations was elicited with Pt ring electrodes placed around the tissues proximal to the recording site, and trains of 0.2-1.0-msec square pulses were delivered at 0.2-1 pulses/sec and supramaximal voltage. Intracellular recordings from single muscle cells were made using glass microelectrodes having tip resistances of 20-100 megohms. The criteria used for true intracellular location of the electrode have been discussed in previous publications (4, 5, 7) .
Paired vasa deferentia were suspended in modified Krebs solution (9) in a 40-ml bath maintained at 37 °C, and contractile responses to electrical stimulation of intramural adrenergic nerves were recorded isometrically with Grass FT03 transducers. Stimulation was elicited using Pt ring electrodes placed around the proximal end of the tissue, and 10-second trains of 0.1-msec square-wave pulses were delivered at frequencies of 2-12 pulses/sec and supramaximal voltage every 2 minutes. For experiments in which responses to norepinephrine were obtained, the serosal coat of the vas deferens was removed (10) . Norepinephrine was applied for 30 seconds at intervals of not less than 4 minutes.
Isolated uterine arteries perfused with Mc-Ewan's solution were prepared for stimulation of the periarterial vasomotor nerves as described previously (11) , and vasoconstrictor responses were obtained to stimulation with 10-second trains of 1-msec square-wave pulses delivered at frequencies of 2-12 pulses/sec and supramaximal voltage every 3.5 minutes, and to intraluminal injections of norepinephrine.
Drugs used were angiotensin II (Hypertensin, Ciba); choline chloride; and norepinephrine tartrate (Levophed, Winthrop). The angiotensin was dissolved in sterile saline (0.9% w/v) and stored in plastic vessels. Norepinephrine solutions contained ascorbic acid (10""* g/ml).
The significance of the difference of means was calculated with Student's t-test (12) . Successive exposures of the tissues to All were separated by periods of at least 60 minutes to preclude tachyphylaxis.
Results

ELECTROPHYSIOLOGY
Under control conditions the membrane properties of the smooth muscle cells in the vas deferens and the uterine artery were as documented previously (4) (5) (6) (7) 13) . In both tissues, the resting membrane potential was around 60 mv ( Table 1 ). Spontaneous excitatory junction potentials (EJPs) were seen frequently in the vas deferens ( Fig. la ), but only occasionally in the uterine artery. Electrical stimulation of the intramural adrenergic nerves evoked EJPs with a time course of about 800 msec ( Table 1 , Figs, la and 2a). Repetitive stimulation at frequencies of 0.2 pulses/sec or more caused a progressive increase in amplitude of the first few EJPs of a Fig. 1 ), and in artery the rarely occurring spontaneous EJPs were not seen more frequently in the presence of All.
Lack of Effect of A TT (/0~7 g/ml) on Transmission Characteristics of Smooth Muscle Cells in Guinea Pig Vas Deferens and Uterine Artery
Recordings of adrenergic transmission to smooth muscle cells in the vas deferens
Only one aspect of the transmission process was affected in the presence of AIL This was the facilitation seen during repetitive stimulation, which was increased significantly in both tissues ( Table 2) , leading to greater maximum depolarization of the muscle cells when facilitation was complete than under control conditions ( Figs. 1 and 2 ). This enhancement of facilitation was as pronounced in the presence of All, 10~7 g/ml, as it was in the presence of higher concentrations (up to 5 X 10" 7 g/ml), and a lesser, but qualitatively similar, effect was seen during the first few minutes of All infusion, when the bath concentration was considerably less than l(h 7 g/ml. The enhancement of facilitation persisted up to 60 minutes in the continued presence of All, but was rapidly reversed after washing the bath free of All ( Table 2 , Fig. 1 ).
CONTRACTILE RESPONSES
Angiotensin II was added to the solution bathing the vas deferens or to the arterial perfusion fluid to produce final concentrations of 10-9 -5 X 10" 7 g/ml. These concentrations of All had no direct contracting effect on either preparation, but did enhance the mechanical responses to electrical stimulation of intramural adrenergic nerves. This potentiation was maximal with a concentration of 10~T g/ml of All, but was also seen to a lesser degree with concentrations lower than this (10-"-l(H g/ml). The effect of All persisted up to 20 minutes in the continued presence of the drug, and was reversed rapidly after washing the bath. There did appear to be some degree of tachyphylaxis to All, as the drug had little effect if applied to the tissue a few minutes EJPs evoked by repetitive adrenergic nerve stimulation at 1 pulse/sec (at black dots) recorded from the same muscle cell in the uterine artery (a) under control conditions and (b) in the presence of All, 10-7 g/ml. Note the increased facilitation of amplitude of successive EJPs induced by All, and the absence of effect on the amplitude of the first EJP of the train. The electrode was dislodged from this ceU before the effect of washing the bath free of All could be studied. Membrane potential 66 mo. Calibrations: horizontal, 1 second; vertical, 5 mv.
after an initial exposure. If, however, successive exposures were separated by a 60-minute interval, no tachyphylaxis was apparent. To determine the specificity of the potentiating effect of All for nervous stimulation, its effect on contractile responses of the tissues to exogenous norepinephrine was also examined. The doses of norepinephrine used were those producing 50% maximum responses for each tissue, namely 5 X 10~6 g/ml for the vas deferens (14) and 5 X 1O 7 g by intraluminal injection for the uterine artery (11) . In three experiments on each tissue, the magnitude of responses to these doses of norepinephrine were unaffected by All, 1(H g/ml (Fig. 3) .
It is known that facilitation is the major factor in depolarizing the smooth muscle cell membrane during repetitive stimulation at frequencies below about 1.2 pulses/sec. As the stimulation frequency is increased above this value, summation becomes progressively important as successive EJPs are evoked while the membrane is still partially depolarized. At stimulation frequencies above about 5 pulses/ sec, facilitation is only a minor factor in depolarization (7, 13) . Thus examination of the degree of potentiation of mechanical nerve-mediated responses by All over this frequency range afforded a means of checking the electrophysiological evidence, which indicated that All potentiated transmission primarily by increasing the facilitation process.
Reproducible mechanical responses of neither vas deferens nor uterine artery could be obtained with nervous stimulation at frequencies below 2 pulses/sec. At this frequency, All, Kh 7 g/ml, caused an 11.2-fold potentiation of the response of the vas The degree of facilitation of EJPs is expressed as the ratio between the amplitudes of the fully facilitated EJP (V) and the first EJP of the train (Vi). Each figure represents a mean ± SR. The number of cells from which the data were obtained is in parentheses.
*P < 0.001.
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FIGURE 3
Mechanical responses of (a) vas deferens and (b) uterine artery to exogenous norepinephrine (NA, arrows) and to intramural adrenergic nervous stimulation at 8 deferens and a 2.8-fold potentiation of the response of the uterine artery. As the stimulation frequency was raised over the range 2-6 pulses/sec, the degree of potentiation produced by All decreased markedly, at 6 pulses/ sec being 3.8-fold and 1.6-fold control values for vas deferens and uterine artery, respectively. Above 6 pulses/sec there was little further decrease in potentiation with higher frequencies of stimulation ( Figs. 3, 4, 5) .
In contrast with the pronounced frequency dependence of potentiation induced by AH, the enhancement of mechanical responses of the vas deferens in the presence of choline, 5 X 1CH g/ml, which potentiates nerve-mediated contractions of this tissue by persistent partial depolarization of the muscle cell membranes (5) , was similar in degree over the entire range of stimulation frequencies tested (Fig. 3) . Comparable experiments could not be performed with the uterine artery because in this tissue there is as yet no documentation of any substances which enhance transmission by muscle membrane depolarization. Cholinergic stimulants are themselves inhibitory (11) .
Discussion
The enhancement by All of adrenergic nervous excitation has been attributed by X--X AI
Results from 15 experiments showing the degree of potentiation at different stimulation frequencies of contractile responses of the vas deferens by All, 10-7 g/ml and by choline, 5 X 10~i g/ml. Means and SE are shown. some workers to inhibition of the neuronal reuptake process (Uptake 1) (15) thought to be important in termination of action of norepinephrine (16) (17) (18) (19) . Other investigators have favored enhancement of transmitter release, rather than depression of its inactivation, as the underlying mechanism (20-27, and others).
In the guinea pig vas deferens, blockade of Uptake 1 causes potentiation of contractile responses both to exogenous norepinephrine and to nervous stimulation and prolongs the falling phase of the EJP (4). The EJP in the guinea pig uterine artery is similarly prolonged after Uptake 1 is blocked (unpublished observation). In contrast, the present study has demonstrated that All does not alter the responses of the vas deferens or of the uterine artery to exogenous norepinephrine and has demonstrated that the time courses of EJPs in both tissues are unaffected by All. Thus in these tissues All, at least in the concentrations used, does not appear to affect Uptake 1.
The only effect of All on transmission seen in this study was an increase in the degree of facilitation during repetitive low-frequency nervous stimulation. Facilitation of successive EJPs is characteristic of many smooth muscle tissues, and evidence has been presented in Circulation Rttearcb, Vol. XXXI, Seplemktr 1972 the past to support the view that in the vas deferens, as at the skeletal neuromuscular junction (28) , it is a purely presynaprjc phenomenon related to release of increasing amounts of transmitter with successive stimulating pulses (13) . The effect of All on facilitative recruitment did not appear to be associated with an increased capacity of the nerves to release transmitter per se, as the amplitudes of EJPs in response to single stimulating pulses were not increased. This apparent specificity of action was further supported by the observation that the degree of potentiation of contractile responses to nerve stimulation in both vas deferens and uterine artery decreased rapidly as the stimulation frequency was raised over the range of 2 to 6 pulses/sec. Over this order of frequency increase, facilitation is replaced by summation as the major factor in depolarizing the muscle cell membrane to firing threshold (7, 13) . In contrast, the potentiation induced by choline in the vas deferens, which is due to partial muscle membrane depolarization (5), showed no dramatic frequency dependence over the range studied.
The smaller degree of potentiation by angiotensin II of contractile responses in the uterine artery is in accord with the less pronounced facilitation in this tissue than in the vas deferens ( Table 2 ).
The relative specificity of the enhancing effect of All on transmission for low frequencies of stimulation, where facilitation is pronounced, is of interest in view of the evidence that this frequency range is also that normally involved in tonic cardiovascular control (29, 30) . Such a relation could be interpreted as supportive evidence for the suggestions that endogenous AH may have a pathophysiological role in the modulation of adrenergic vasomotor tone (3, 16, 19, (31) (32) (33) .
In addition to the numerous reports of enhancement of transmitter release following nervous stimulation, All has also been reported to increase spontaneous release of norepinephrine in isolated aortas (34). In the rabbit heart, however, no increase in spontaneous release has been observed (35). No evidence BELL was obtained in the present study to suggest that All stimulated spontaneous transmitter release, manifested either as an increase in spontaneous EJP frequency, like that with some adrenergic neurone-blocking agents (36) and with ethyl alcohol (6), or as a persistent reduction of muscle membrane potential, like that after inhibition of monoamine oxidase activity (4) in the vas deferens.
Although only one action of All was seen in these experiments, it is likely that alternative or additional effects may contribute to the enhancement of transmission in other systems. Besides the published evidence suggesting blockade of Uptake 1, a recent report has indicated that in the rat, All may enhance the contractility of vascular smooth muscle (37), although both the present study and that by Benelli et al. (20) have demonstrated no enhancement of responses to exogenous norepinephrine by All in guinea pig tissues. The degree to which these differences reflect the species of animal used and variations in experimental conditions remains to be determined.
